This paper presents the experimental part of an investigation on tracking and eliminating organ motion artifacts in x-ray CT cardiac applications with emphasis on imaging coronary calcification. The system methodology consists of a software implementation of the spatial overlap correlator ͑SSOC͒ concept in x-ray CT scanners to track the net amplitude and phase of organ motion during the CT data acquisition process. A coherent sinogram synthesis ͑CSS͒ method is then used to identify the repeated phases of a periodic organ motion from the information provided by the SSOC process and hence synthesize a new sinogram with no motion effects. Since the SSOC scheme is capable of tracking cardiac motion, it identifies also the projection points associated with minimum amplitude cardiac motion effects. These points are used to identify a 180°plus the fan angle sinogram for image reconstruction. This leads to a retrospective gating ͑RG͒ scheme that is based on the output of the SSOC process. Performance comparison of the proposed methodology with the retrospective ECG gating using real data sets with phantoms and human patients provides a performance assessment of the merits of the proposed methods. Real results demonstrate that the new methodology eliminates the requirement for ECG gating. Moreover, the CSS and the new RG methods do not require breath holding and they can be implemented in x-ray CT scanners to image coronary calcification and the heart's ventricles.
I. INTRODUCTION
The present paper presents an experimental implementation of a novel approach of tracking and removing organ motion artifacts in CT systems. This approach uses a software system implementation of a spatial overlap correlator ͑SOC͒ scheme that is introduced and theoretically analyzed in the accompanying paper. 1 The SOC scheme samples information associated with the organ motion present during the CT data acquisition process. It has been shown 1 that an optimum solution to remove the organ motion effects is to apply adaptive interference cancellation ͑AIC͒ methods, which treat the output of the SOC process as a noise interference at the input of the adaptive processor. In this analysis, 1 no assumptions were made about the type of motion models that would describe the organ motion. Tests with synthetic data sets have demonstrated the validity of this generic signal processing methodology; and have assessed the practical value of its implementation in CT scanners. It has been shown 1 also that a hardware implementation scheme of the SOC concept in x-ray CT scanners is a costly new CT system design initiative that requires substantial investment.
The experimental approach in the present paper is an alternative interpretation of the measurements made by the SOC as a motion tracker. The measurements produced by the SOC provide information on the amplitude and the phase of the organ motion as a function of time. A simplistic view of this is that the SOC provides the same type of information as a motion tracker that is attached directly to the moving organ, but with an angular dependency. Based on this alternative interpretation of the SOC, two suboptimum techniques that exploit this information are presented.
Section II presents a theoretical analysis and a physical interpretation of the SOC concept. In addition, a generic software implementation of the SOC ͑SSOC͒ is introduced. Implementation of the SSOC overcomes the need for costly hardware modifications. In fact the SSOC can be implemented on almost any currently existing CT scanner. The trade off, however, between the hardware SOC modification and the SSOC concept is that the latter significantly reduces the maximum frequency of organ motion frequency spectrum that can be tracked by the SSOC process.
Then, in Sec. III, it is shown that correction of motion artifacts can be achieved with the use of a coherent sinogram synthesis ͑CSS͒ process or a retrospective gating approach ͑RG-SSOC͒. Both techniques are based on the information of the net amplitude and phase of organ motion tracked by the SOC ͑or SSOC͒ during the CT data acquisition process. The CSS process synthesizes a new sinogram by selecting sinogram segments of the original CT sinograms representing the same phase of the motion cycles. Real experiments with moving phantoms and a CT scanner demonstrate the efficiency of the SSOC and CSS processes to tracking the phantom motion and correcting for artifacts associated with periodic organ motion. Moreover, in Sec. III, it is shown that for the complex type of heart motion, the output of the SSOC process can be used for retrospective gating ͑RG-SSOC͒ in the same way as the output of an ECG system. Finally, Sec. IV presents a preliminary assessment of the SSOC, CSS, and RG-SSOC processes with real results from human patients. This is the first stage of an effort to assess the value of the SSOC ͑RG-SSOC͒ as a means of screening the aging population for cardiac diseases, with emphasis to imaging and detecting coronary calcification. Furthermore, the reported results in this paper suggest that there are other clinical advantages of the RG-SSOC compared to the ECG retrospective gating ͑RG-ECG͒. The most important is that the RG-SSOC process does not require breath holding, which is an essential requirement for RG-ECG.
II. THEORETICAL REMARKS

A. Definition of parameters
In this paper, the notation and definition of parameters associated with the data acquisition process in CT applications is the same as in the accompanying paper 1 that covers the theoretical developments of this investigation. The angular step increment between two successive projections of the x-ray CT scanner is defined by: ⌬␤ϭ2/M , where M is the number of projections taken during the period T required for one full rotation of the source and receiving array around the object f (x,y) that is being imaged. The time increment, ⌬t ϭT/M , is the elapsed time between two successive firings of the x-ray source of the CT scanner. The fan beam projections are defined as g n ((n),␤(t),t) and the SOC measurement as ⌬g n ((n),␤(t),t). The reader is referred to Sec. II A of Ref. 1 for further details on the data acquisition and image reconstruction process in x-ray CT systems, and Sec. II B for an introduction to the SOC concept.
B. Interpretation of the SOC process as organ-motion tracker
A given fan-beam projection measurement g n ((n),␤(t),t) of an x-ray CT scanner may be represented as two components, the stationary component g ns ((n),␤(t),t) and the motion component g nm ((n),␤(t),t). The definition of the SOC 1 requires that two projections, from identical view angles, be taken at different time moments. Therefore, the SOC measurement for a projection angle ␤(t 0 ϩ), taken at two time moments t 0 and t 0 ϩ, may be written as shown in Eq. ͑1͒, where is the elapsed time between the two successive projection measurements. 1 The time interval is allowed to be arbitrary in this section, as opposed to (⌬tϭT/M ) previously,
is consistent with the theoretical definition of the SOC, 1 where two projection measurements are taken at successive time intervals separated by an arbitrary time interval , at the same projection angle defined by t 0 ϩ. As expected, only the difference in the moving components over the time interval, , remain, since the stationary components, which are constant, disappear. Therefore, it may be concluded that if the organ motion follows some generic motion pattern defined by x(t,␤(t)), the measurements produced by the SOC are given by Eq. ͑2͒, where by definition ␤(t) ϭ␤(tϩ), ⌬g n ͑ ͑n ͒,␤͑ t ͒,tϩ ͒ϭx͑ tϩ,␤͑tϩ ͒͒Ϫx͑ t,␤͑t ͒͒. ͑2͒
The dependency on ␤(t) is included to account for the fact that the SOC measurements are made in a circular fashion around the object. The signal x(t,␤(t)) may be approximated by the finite Fourier series expansion with J terms, as shown in Eq. ͑3͒, where a k is the spectral coefficients of x(t,␤(t)) corresponding to the kth harmonic frequency com-
Based on the expansion in Eq. ͑3͒, the individual frequency components of f k of x(t,␤(t)) may be evaluated individually. Consider an arbitrary frequency f k ; the SOC measurement for this frequency component is given in
The difference of the two exponential terms in Eq. ͑4͒ reduces to the single term shown in the following:
This indicates that, in the measurements provided by the SOC process, there is a systematic phase shift and a gain factor that are both frequency dependent. The phase shift is contained in the term ( j͉e j f k ͉) and the gain factor in the term (2 sin(f k )). Therefore if, for simplicity, the measurements provided by the SOC and the generic motion pattern are defined by ⌬g(t) and x(t), respectively, then the relationship between ⌬g(t), and x(t) is given in Eq. ͑6͒, where the finite Fourier series expansion of ⌬g(t) is given by Eq. ͑7͒,
The direct relationship between the spectral coefficients a k that define the generic motion pattern x(t), and the spectral coefficients b k that define the SOC measurements ⌬g(t) is given in the following:
In Eq. ͑8͒ b k is the spectral coefficients of x(t) corresponding to the kth harmonic frequency component f k . 2 In other words, by applying the appropriate phase shift j e Ϫ j f k and amplification 1/͓2 sin(f k )͔ to the SOC measurements in the frequency domain, the resulting modified SOC measurements provide tracking of the phases of the organ motion. This is illustrated in Fig. 1 . The upper curve shows a generic motion pattern x(t). The second curve from the top shows the SOC measurements ⌬g(t). The bottom curve of Fig. 1 shows the recreated motion pattern x(t), derived from the SOC measurements ⌬g(t) by applying the transformations of Eqs. ͑6͒ and ͑8͒, in all the frequency bins satisfying the Nyquist criterion. Thus, the SOC measurements, at the bottom curve, are band limited to satisfy the sampling theorem; and the frequency content of the reconstructed x(t), shown by the bottom curve, is lower than the original signal in the top curve.
Since the SOC is a sampling process, the upper limit of the organ motion frequency is dependent on the time interval , in order to satisfy the Nyquist sampling rate. The upper limit on the product ( f k ) should be 0.5 to ensure that there is no aliasing in the SOC measurements. When the product ( f k ) reaches 1.0, or is any integer, it corresponds to the case where the frequency of the motion corresponds exactly to the periodicity of the sampling of the motion. In this case, the SOC does not track the motion, and the system appears stationary. This is an indication that the Nyquist sampling criterion has been violated in this case. In cardiac x-ray CT imaging applications, this occurs in cases where the period of the subject's cardiac cycle coincides exactly with the rotational period of data acquisition of the x-ray CT scanner.
C. Software implementation of the SOC concept in CT systems
Based on the above-mentioned interpretation of the SOC process for an arbitrary sampling interval , a generic implementation of the SOC is now defined. This generic approach is a software implementation that requires no hardware modification of the CT scanner. As a result, this implementation concept is described as the software spatial overlap correlator ͑SSOC͒.
In this approach the fact that the sampling process by the x-ray CT scanner is circular is exploited. In other words, the generic time delay is set to T, and the SOC measurements taken at time moments t and tϩT, where T is the time required for one complete revolution of the scanner. Since T is the time required for one complete revolution of the CT scanner, spatial overlap is guaranteed. Therefore, samples separated by a time interval T are compared in the software implementation of the spatial overlap correlator. This longer time period impacts the upper limit of the frequencies of the motion that the SSOC can track. Instead of being dependent on the time interval ⌬t, the interval between two successive projections in the theoretical definition of the SOC, it is now dependent on the time interval T, the time interval for one complete revolution by the CT scanner. This means that since the time interval, T, between the two successive projections at the same angular location is O(10 3 ) greater than the time interval ⌬t, defined in the ideal implementation of the SOC described in Ref. 1 , then the consequence of this is the upper limit in the frequency tracked, which is reduced by the same factor, O(10 3 ), since the value of the term f k T cannot exceed 0.5 in order to satisfy the Nyquist criterion.
However, this restriction may be reduced by a factor of 2, so that the maximum value of f k T is now 1.0. This is achieved by acknowledging that for the center detector of the array, N/2 , in effect samples the same spatial location at angles ␤(t) and ␤(t)ϩ180°. Alternatively the line from the x-ray source to the detector N/2 traces exactly the same path for projection measurements g n ((N/2),␤(t),t) and g n ((N/2),␤(tϩT/2),tϩT/2). This means that measurements taken at two time moments separated by the time interval T/2 effectively sample the same spatial location. Hence the maximum frequency of the motion that is tracked by the SOC is increased by a factor of 2. In other words, the highest frequency component of cardiac motion, that can be sampled by SSOC with the latest generation of x-ray CT scanners with a period of rotation of 0.5, is 2.0 Hz. Thus, when the phase shift j e Ϫ j f k (T/2) and amplification 1/͓2 sin(f k T/2)͔ factors are applied on all the frequency components of the SOC measurements ͑in frequency domain͒, this process will act as a bandpass anti-aliasing filter and a time delay operation, retaining only the frequency components of the SOC spectrum that satisfy the condition, ( f k T)Ͻ1. The required time delay factor is derived by taking the inverse fast Fourier transform ͑FFT͒ of the vector e Ϫ j f 0 T/2 ,...,e Ϫ j f N/2 T/2 . Then, by taking the inverse FFT of the frequency domain phase and amplitude corrected SSOC measurements, the resulting SSOC time series provide tracking of the cardiac motion directly from the CT scanner's sinograms. Questions may be raised, however, on the effectiveness of the SSOC scheme to track heart motion during the x-ray CT acquisition process, when a typical period of rotation for the scanners is 0.75 s. This restriction on the period of rotation of the CT scanner would limit the effectiveness of the SSOC scheme to track heart motions that are higher than 80 heart beats per minute ͑bpm͒. At this point, it is important to note that, since the frequency spectrum of the heart motion is broadband, then the selected frequency bins of the above-mentioned phase correction process would define a smaller frequency spectrum of the heart motion to satisfy the Nyquist criterion. Moreover, this smaller frequency spectrum would be sufficient to represent the motion characteristics of the original heart motion spectrum. This argument has been confirmed by the controlled experiments with moving phantoms that are discussed in Sec. IV A.
III. MOTION CORRECTION SCHEMES BASED ON SSOC WAVE FORMS
The discussion of Sec. II has shown the SSOC as an effective technique to track the phases of organ motion during the data acquisition period of x-ray CT scanners. More specifically, analysis of the time series of a single detector from the SOC provides information about the phase of the motion of the moving object or organ. In other words, the SSOC wave forms ͑or time series͒ give the position of the object at the time that each view is taken. Thus, the SSOC wave forms are equivalent to those of an ECG system, which under appropriate synchronization with the acquisition process of x-ray CT scanners provide retrospective or prospective ECG gating to reduce motion artifacts in cardiac imaging applications. This kind of equivalence between the SSOC and ECG wave forms the basis for the two motion corrections schemes of this investigation, the retrospective gating ͑RG-SSOC͒ and the coherent sinogram synthesis ͑CSS͒ schemes.
A. Retrospective gating based on wave forms of the SSOC scheme "RG-SSOC… Morehouse et al. 3 introduced retrospective gating in 1980, as a motion correction technique for x-ray CT cardiac imaging applications. The technique included acquisition of projection data continuously during a few rotations of the x-ray source and selecting the projection data acquired during a specified window of the cardiac cycle, during diastole when the heart is moving the least. Thus, system integration of an ECG system with the x-ray CT scanner was an essential requirement in this technique to monitor the cardiac motion. In 1983, Moore et al. 4 used prospective ECG gating to determine the optimal start time for each rotation, later including coincident-ray considerations. 5 Kachelriess et al. followed with retrospective gating using pre-recorded ECG signals for subsecond spiral CT to achieve effective scan times of less than 0.5 s. 6 In addition they propose variant reconstruction algorithms to correct for z-plane motion during the spiral scan.
Since the wave forms of the SOC scheme can track the cardiac motion, as shown later in Fig. 10 , they can be used to identify the phases of motion, when the heart is moving the least, in order to select a 180°plus the fan angle sinogram for image reconstruction. During periods when the heart is at rest the net SOC measurements will be smaller than when there is motion. This leads to a retrospective gating ͑RG͒ scheme that is based on the output of the SSOC ͑RG-SSOC͒. In this investigation, the RG-SSOC approach of gating has been assessed and compared with the established ECGgating process and the relevant results from clinical testing with human patients are summarized in Section IV B 1 a. Thus, the new gating approach may eliminate the requirement for system integration of ECG systems with x-ray CT scanners for cardiac imaging applications.
B. Coherent sinogram synthesis from the output of the SSOC scheme
Analysis of the time series of a single detector from the SSOC scheme provides information about the phase of the motion of the moving object or organ. In other words, the time series give the position of the object at the time that each view is taken. This information is the basis for the coherent sinogram synthesis ͑CSS͒ scheme. The measurements from the SSOC scheme make it possible to identify the phases of the motion at each time moment, thus allowing the construction of a new coherent sinogram that is synthesized using only the views that correspond to a single point in the phase of the motion. Image reconstruction on this synthesized data set, or synthesized sinogram, produces an image that depicts the moving object frozen at a single point in its phase. Furthermore, the CSS process does not require any kind of periodicity of the motion effects. It requires, however, repetition of the selected phase of motion. The technique requires first selection of a specific phase of the detected motion cycle by the SOC process and defines this as the phase of interest. It then isolates every subsequent time moment during the data acquisition period when the object is again at the pre-selected phase of its motion cycle. A number of projections are selected at each of these time moments, and assembled into a phase coherent sinogram.
For the purpose of illustration, Fig. 2 depicts the process using the curves obtained from the output of the SSOC process. When the periodicity of the organ motion is established from a set of two CT rotations and through the measurements of the SSOC, then an internal triggering will select the corresponding CT measurements with the required in-phase information of the organ motion and trigger the x-ray source to synthesize coherently a new sinogram, thus minimizing a large number of continuous rotations and the x-ray radiation level.
Phase selection by correlation
Selection of the in phase information of the detected motion cycle by the SOC process is provided by a sliding window correlation processing, which isolates the moments during the scanner's data acquisition process that a phase is repeated. In general, the cross-correlation coefficient CC sr between two time series, s i and r i of length L is given by
The sliding window correlation technique uses a subset of the signal near the phase of the interest r i as the replica, and then correlates this replica with segments of the continuous signal s i to compute a time varying correlation function. The length of the segment is selected to include the features of one motion cycle. This value was set to 300 in this investi-gation, but may be made longer for greater detection, or shorter for greater accuracy. In other words, this is a design parameter that is tuned to the specific application. The segments of the signal used in the cross-correlation function are selected in a sliding window fashion. The time varying crosscorrelation function CC i is given by Eq. ͑10͒, where L is the length of the segment used in the cross-correlation function and N is the length of the complete time series from the SSOC scheme,
The time varying correlation function for a selected phase of interest is shown in the lower curve of Fig. 2 . The upper curve shows the smoothed time series from the SSOC scheme. The phase of interest is marked on this curve. Using a replica that is centered at the point marked as the phase of interest, the time varying correlation function is shown in the lower curve. From the time varying correlation function, it is evident that the level of correlation between the replica and the upper curve, which describes the organ motion, reaches a maximum value of approximately one whenever the phase of interest reoccurs. The vertical bars in the lower curve of Fig.  2 indicate the detected maxima. The time moments that the value of these maxima are in the range of (0.8ϽCC i Ͻ1.0) are considered as the time moments at which the phase of interest reoccurs. The time moments directly define a projection number, since the projections are acquired sequentially at a known sampling rate. Then, a coherent sinogram may now be assembled by using all the above-mentioned projections that originate from the selected phase of interest of the organ motion.
Assembling coherent sinograms
The curve in the lower segment of Fig. 3 , which is similar to the lower panel of Fig. 2 , shows the time moments selected because of the sufficiently high level of correlation. These time moments map to angular locations determined by the physical location of the x-ray CT source and detector array at the time of the selected phase of the periodic organ motion, as shown in the upper panel of Fig. 3 . Since the data acquisition process of an x-ray CT scanner is circular, all of the spatial locations, shown in the upper part of Fig. 3 , are sampled repeatedly. A projection number P maps to a physical projection number p, where P is referenced to the entire data acquisition period, and p is referenced to the physical location on the circle around which data are acquired by the x-ray CT system. The relationship between P and p is given by the circular mapping in Eq. ͑11͒, where M is the number of projections taken by the x-ray CT scanner in a single rotation, PϭmM ϩp, 0р Pрϱ, 0рpрM , mϭ1,2,...,ϱ. ͑11͒
In effect the selected segments of a sinogram are synchronized to the organ motion cycle, in that valid projections are only obtained when the organ is exactly at the desired point in its motion cycle. Under ideal conditions, one view will be taken at each time moment that the organ reaches the desired point in its motion cycle; and after M cycles of motion a complete sinogram will be available. Since there is no physical synchronization between the data acquisition process and the organ motion, there may be repetition of some views, while some views may still be missing. Even in the ideal case of one projection per motion cycle, the time required to complete a sinogram will be unbearably long. Figure 3 and Eq. ͑11͒ underline this fact that it may be impossible to generate a complete sinogram using the CSS method. Thus, an interpolation process is required to account for any missing angular segment, as those shown in the upper panel of Fig. 3 .
Interpolation
Since the CSS method may be considered as a data acquisition process that is both temporally and spatially varying, the use of standard interpolation methods is not an option. In general, interpolation methods such as the cubic-spline interpolation, 7 will be successful at interpolating large structures which are well defined in the sinograms, but will not interpolate small spatial structures, especially those associated with cardiac imaging applications.
The interpolation techniques used in the coherent sinogram synthesis ͑CSS͒ method take data from one complete revolution of the CT system and use it as a basis for the coherent synthesis of the sinogram. The idea is to try to improve the image that would be produced by this standard x-ray CT sinogram. Thus, using the conventional sinogram as a starting point, fixed sized projection windows are selected in the same manner as described in Sec. III B 2. Whenever a suitable projection window is found, it is used to overwrite the original projections of the conventional sinogram. This method is the base image approach since it starts with a standard x-ray CT image, and it is useful if the initial image quality is deemed to be sufficiently good, since it modifies the original sinogram in an attempt to obtain an improved image.
Another approach is to remove any limit on the number of projections in the selected sinogram segments, and may be considered as a flexible window approach. Thus, the size of the selected segments of projections are allowed to be as large as necessary to fill in the entire sinogram. The center of the initial segment of projections is defined as an ideal point. The missing projections are then filled in using appropriate projections from the data acquired so that each projection is as close as possible to an ideal point. This method is preferred when the original image quality is considered to be poor. Once a coherently synthesized sinogram for a single phase of the organ motion is complete, the image is obtained by conventional image reconstruction processing, which is equivalent to that of a stationary object. Determination of the quality of the conventional image, and hence the choice of interpolation techniques is subjective, since there is no quantitative method to determine this measure.
IV. EXPERIMENTAL RESULTS
Two sets of experiments were performed using a Siemens Somatom 4 Plus X-ray CT scanner. The initial experiments were performed using a moving phantom. After validation of the method with these results, further tests were carried out with human subjects. The target application of the retrospective gating and the coherent sinogram synthesis methods are in the area of cardiac x-ray CT imaging. Therefore, the experiments with human subjects attempted to apply the techniques to data sets that were acquired by taking cardiac cross sections from a number of human patients.
A. Phantom experiments
The first sequence of experiments was carried out using a moving phantom in the Siemens Somatom Plus 4 x-ray CT scanner. Figure 4 shows the phantom configuration that was constructed with a hollow Plexiglas™ cylinder and a solid Teflon™ cone inside. The cone and cylinder share a common axis. Also seven metal wires were placed on the outside of the cone, some straight and along the axis of the cone, and other in spirals along the surface of the cone. The wires, which are between 0.5 and 1.0 mm in diameter, are not easily visible in Fig. 4 . In the view of the scan plane of the x-ray CT system, the reconstructed image of the stationary phantom appears as a circular shell with a shaded circle inside, and a number of dots that are due to the wire cross sections. This is shown in Fig. 5 . The light circle in the center of the phantom is the metal axis along which the structure was moved, and the foam mattress is visible as a rectangle below the phantom. The image of Fig. 5 is the output of the CT scanner for the stationary phantom and represents the ideal image. Since there is no motion present, there are no motion artifacts.
Thus, this image may be considered as the target image to assess the performance of the SSOC and CSS processes from this experiment. To simulate motion, the cylinder and cone combination was moved back and forth along the axis of the structure by an electrical motor. Moving the phantom back and forth simulates the deformation of the inner circle, and translational motion of the metal wires. The speed of the motor defines the period of the inner circle's deformation. Experiment: Moving phantom, 0.6 s period of motion. The first experiment was carried out with motion period of 0.6 s. This corresponds to 1.67 Hz, or 100 bpm in terms of cardiac motion. The image obtained using standard x-ray CT techniques is shown in Fig. 6 . The degradation in the quality of the image, compared to the image under stationary conditions in Fig. 5 , is obvious. The outer circle that is due to the cylinder is undistorted. This is because the motion of the cylinder is along its axis, hence it appears stationary in the scan plane. The same is the case with the foam mattress, which is not moving. However, the closed inner circle and the dots that are due to the wires are completely distorted. There is no evidence that the inner structure should be circular, or that there should be stationary dots where the wires are positioned.
The motion time series extracted by the SSOC scheme are shown in the upper curve of Fig. 7 . The same time series after smoothing ͑time delay -low pass filtering, discussed in Sec. II B͒ is shown in the second curve from the top. The properties of the motion of the phantom are immediately obvious in these curves. In fact it is possible to accurately compute the actual period of the motion from the motion curves, which is approximately 0.6 s. The time varying correlation function for one selected phase of interest, which is selected to be the peaks of the motion time series, is shown in the third curve from the top. The vertical bars in this curve indicate the local maxima of the time varying function. The vertical bars in the bottom curve show the projections that are selected as the center of segments for coherent sinogram synthesis. The flexible window interpolation scheme was used in this experiment, as well as in the others with this phantom.
At this point it is important to note that, although the selected oscillating frequency of the moving phantom was set to be 1.67 Hz ͑or 100 bpm͒, which is higher than the Nyquist frequency of 1.33 Hz corresponding to the 0.75 s period of the x-ray CT scanner, the time delay ͑low pass filtering͒ process associated with the SSOC scheme ͑dis-cussed in Sec. II C͒ retained the basic characteristics of the phantom motion. In other words, the broadband characteristics of the phantom motion were sufficiently wide to allow for the remaining frequency bins of the narrower frequency band resulting from the above-mentioned low pass filtering process to retain the basic phantom motion characteristics. Figure 8 shows two images generated at the extreme points in the phase of the motion cycle. These two images correspond to points in the phase where the object is at stationary points of its motion cycle, and show the details clearly. Comparison of the left image of Fig. 8 and the ideal image in Fig. 5 yields no major differences. The boundaries of the objects, especially the cone, and the position of the metal wires are clear and well defined. Despite the fact that some phases are not as clear, all of the images from the coherent sinogram synthesis method are superior to the image in Fig. 6 that was obtained using standard x-ray CT techniques. The corrected images describe the object more accurately than the standard x-ray CT image.
Since the RG-SSOC process is applicable to types of motion that include a phase with the least movement, the RG-SSOC process is not well suited to be applied on the projection measurements associated with the phantom, because of the continuous movement of the cone in the phantom. This indicates the primary difference in terms of applications between the RG-SSOC and the CSS methods. In other words, the CSS method is best suited for a type of motion that is continuous and reproducible.
B. Results with human patients
Performance assessment of the CSS and RG-SSOC processes with human patients was carried out at the Oncology Clinic of the Hospital of Offenbach-Germany with a Siemens Somatom Plus 4 x-ray CT scanner. The x-ray CT data sets from human patients, that were used in our performance assessment study, were part of a brachytherapy procedure for cancer treatment that included high doses of radiation. Brachytherapy procedures require that the tumor boundaries should be established with CT scanners and if possible with three-dimensional ultrasound systems. Thus, the clinical pro- cedures of this investigation to assess the effectiveness of the CSS and RG-SSOC processes for detecting/screening coronary calcification were preliminary. Currently, the Oncology Clinic of the Hospital of Offenbach-Germany and the Ottawa Heart Institute are in the process of establishing clinical procedures for detecting/screening healthy people for cardiac problems, using CT scanners without ECG triggering. The starting point toward establishing these new clinical procedures could be the RG-SSOC process discussed in Section III A and demonstrated with real results in Sec. IV B 2. The results corresponding to the CSS and RG-SSOC with human patients, carried out under this investigation, are discussed in detail in the following sections.
Human patient 1: 75 bpm cardiac motion a. Motion correction using the RG-SSOC and retrospective ECG gating methods.
The objective in this set of clinical testing was to assess and compare the RG-SSOC method with the established retrospective ECG-gating process. Thus, the data acquisition process in this case required synchronization between the ECG wave forms and the starting point of recording projection data from the x-ray CT scanner. The CT period of rotation, which was set to 1.0 s. Fig. 9 , shows the signal wave forms that allowed this kind of synchronization process. The upper part of Fig. 9 presents an ECG wave form and the lower part of the triggering signals as square pulses that were sent from the ECG system to the x-ray CT scanner. The first square pulse signaled the start of the x-ray CT acquisition process of projection data. Figure 10 shows the synchronized outputs of the SSOC and ECG triggering signal that allowed the comparison of both gating methods with the same set of data from the human patient 1. During the CT data acquisition process the patient was asked to follow the breath-holding procedures. The CT was positioned to obtain the heart's ventricles.
The upper part of Fig. 10 shows the output of the SSOC that indicates a complex spectrum of frequencies. The middle part of Fig. 10 shows the bandpass filtered output of the SSOC wave form centered on the frequency of the hu- man patient's heart beat rate of 75 bpm. The bandwidth of the bandpass filter was 0.3 Hz.
The lower diagram of Fig. 10 shows the ECG triggering signals that were used as a reference to choose the segments of the sinogram for retrospective ECG gating. These segments of the sinograms were chosen from a section of the ECG wave form located between two consecutive QRS peaks ͑and the corresponding two consecutive square waves of the ECG triggering signal͒ and to coincide with the range between the T and P phases of the ECG wave form, as shown in Fig. 9 . The section between the T and P phases of the ECG signal represents the diastole phase, when the heart is moving the least. This section is then used to select a 180°p lus the fan angle sinogram for image reconstruction. The vertical lines labeled as Proj ---, crossing all the three waveforms, indicate the starting point of the sinogram-segment with temporal length corresponding to 180 degrees plus the fan angle.
The properties of the patient's heart motion are immediately obvious in these curves. In fact, it is possible to compute the actual period of the motion from the motion curves, which is approximately 0.73 s. Moreover, the SSOC time series reveal that the amplitude of the patient's overall cardiac movement increases significantly during the CT data acquisition process. This is because, during the final stages of the breath-hold process the heart was forced to work harder as the oxygen in the breath hold was consumed. In conclusion, the SSOC output in this case provides insights into the time dependent cardiac motion localized around the area of the x-ray CT tomography during the breath hold. This kind of tracking of localized heart motion is not available by an ECG system. Moreover, it is evident from the middle SSOC wave form that there are two very close frequencies in the spectrum separated by approximately 0.19 Hz, as indicated by the beating effect. Since the SSOC wave form in this case tracks the motion of both ventricles, it is evident by the presence of the two close frequencies that the two ventricles are not synchronous. This is an observation that is clinically correct, since the human patient's weight was above 150 kg ͑330 lb͒ and was 65 years old. Figure 11 presents the output of conventional CT scanner for human patient 1, with breath holding. The tomography area of this image shows the apical portion of the heart's ventricles near the center of the image. The results of motion correction using the retrospective ECG-gating method are shown in Fig. 12 . Projection point 6045, shown in Fig. 10 , defines the range between the T and P phases of the ECG wave form and the starting point of the sinogram segment with temporal length corresponding to 180°plus the fan angle. The same projection point 6045 defines the area of the SSOC wave form ͑the upper curve in Fig. 10͒ with the least cardiac motion. Minimization of motion effects in this case allows identification of the heart's pericardium, which appears as a thin line just above the heart, and its thickness. The circular lobe at the left-hand side of the image shows the tomography of the top part of the liver.
To demonstrate the effectiveness of the SSOC wave form and its accuracy with respect to the ECG wave forms to identify the areas with minimum or maximum motion effects in the sinogram, Fig. 13 presents the image reconstruction from a sinogram-segment gated at projection point 26202, shown in Fig. 10 . This starting point of the sinogram segment with temporal length corresponding to 180°plus the fan angle defines the area of the SSOC wave form ͑the upper curve in Fig. 10͒ with large amplitude motion effects due to the fact that the heart was forced to work harder as the oxygen in the breath hold was consumed. This observation suggests that the motion artifacts should be present in the corresponding reconstructed image. However, the ECG signals ͑the lower curve in Fig. 10͒ suggest that the same projection point 26202 should provide a retrospective ECG-gating corrected image with minimum motion effects. However, these motion effects, which are evident in the reconstructed image in Fig. 13 with inferior image clarity than that in the previous image in Fig. 12 , suggest that the SSOC process is very accurate in identifying characteristics of the heart's localized motion ͑close to the location of the CT slice͒ that cannot be detected by an ECG wave form. Figure 14 shows the image results of motion correction using the RG-SSOC gating at projection point 4323, shown in Fig. 10 . According to the ECG signals presented at the lower part of Fig. 10 , this projection point ͑e.g., 4323͒ includes the QRS phase of the ECG wave form, which suggests the strongest heart motion effects. For the same projection point 4323, however, the SSOC wave form ͑the upper curve in Fig. 10͒ indicates very small amplitude motion near the apical portion of the ventricles. Motion effects in this corrected image ͑Fig. 14͒ are not as prominent as in Fig. 13 . In fact the thickness of the heart's pericardium as well as the boundaries of the ventricles can be identified with the same or better clarity as in Fig. 12. b. Motion correction using the CSS method. The coherent sinogram synthesis ͑CSS͒ process, as defined in Sec. III B, was applied on the output results of the SSOC process, shown in Fig. 10 . The corresponding reconstructed image for human patient 1, using the CSS method, is shown in Fig. 15 . The corrected image in this case suggests that the CSS method has not been successful, as in the case with the moving phantom, to minimize the motion artifacts to the same degree as with those of Figs. 12 and 14 using the RG-SSOC and ECG gating processes. An explanation for this failure regarding the performance of the CSS method is that it requires well-defined continuous and reproducible motion characteristics, which are not provided by the data sets shown in Fig. 10 . The same kind of performance characteristics for the CSS method will be identified also with the next set of data with human patients.
Human patient 2: 95 bpm cardiac motion
The data acquisition arrangements for the CT data sets from the human patient 2 were similar to those of the moving phantom experiments and the human patient 1, except for the CT period of rotation, which was set to 0.75 s. In this case, no ECG signal was recorded. The patient's pulse rate was FIG. 13 . Reconstructed image using retrospective ECG gating at projection point 26202, shown in Fig. 10 . This projection point defines the range between the T and P phases of the ECG wave form and the starting point of the sinogram segment with temporal length of 180°plus the fan angle. For the same projection point 26202, however, the SSOC wave form ͑upper curve in Fig. 10͒ indicates large motion due to patient's gasping. Motion effects in this case are more prominent than those in the previous image in Fig. 12. FIG. 14. Reconstructed image using retrospective RG-SSOC gating at projection point 4323, shown in Fig. 10 . For the same projection point, the ECG signal ͑the lower part of Fig. 10͒ suggests that the QRS phase of the ECG wave form has not been excluded, which suggests the strongest heart motion effects. Despite the contradiction between the SSOC and ECG wave forms, motion effects in this image have been minimized. In fact the thickness of the heart's pericardium as well as the boundaries of the ventricles can be identified with the same or better clarity of Fig. 12.   FIG. 15 . Corrected image for human patient 1 using the CSS method on the same set of data shown in Fig. 10 . The corrected image in this case shows that the CSS method has not been successful to minimize motion artifacts. approximately 95 bpm. During the CT data acquisition process the patient was asked to follow the breath-holding procedures.
The motion time series extracted by the SSOC scheme are shown in the upper curve of Fig. 16 . The same time series after smoothing ͑bandpass filtering͒ is shown in the second curve from the top. The properties of the heart motion of the patient are immediately obvious in these curves. In fact it is possible to compute the actual period of the motion from the motion curves, which is approximately 0.65 s ͑e.g., 92 bpm͒. FIG. 16 . Time series ͑wave forms͒ tracking the heart motion of human patient 2 from software spatial overlap correlator for motion period of 0.65 s. The patient was asked to follow a breath-holding procedure during the CT acquisition process.
Moreover, the SSOC time series reveal that the amplitude of the patient's overall cardiac movement increases significantly during the CT data acquisition process, which is the same situation with human patient 1.
The time varying correlation function for one selected phase of interest is shown in the third curve from the top of Fig. 16 . The vertical bars in this curve indicate the local maxima of the time varying function. The vertical bars in the bottom curve show the projections that are selected as the center of segments for coherent sinogram synthesis. The base image interpolation scheme was used to coherently synthesize a sinogram for the selected phase of the heart movement. The top image in Fig. 17 shows the conventional x-ray CT image for subject 2. The tomography image of the heart is at the center. The pulmonary structure characteristics are also shown at both sides of the heart image. Moreover, the same CT image shows a large tumor adjacent to the left aspect of the heart, in the left upper portion of the chest cavity.
There are no strong indications of heart motion artifacts in this conventional CT image. This is in agreement with our observation from Fig. 16 , where the SSOC time series had already predicted that the amplitude of the patient's heart movement was very small. This is confirmed also by the fact that the patient's heart size was very large, suggesting small heart motion amplitude. In this image ͑Fig. 17͒ the characteristics of diagnostic importance are white dots that represent cross sections of blood vessels that are lined with calcification deposits. Indication of coronary calcification is evident in this image by the two distorted white dots near the right atrium.
The image in Fig. 18 corresponds to the synthesized sinogram output of the SSOC and CSS processes. Although this image provides better and brighter definition, compared to the conventional CT image, except for the two bright white dots indicating the coronary calcification near the right atrium, the overall quality of the corrected image is not better than the conventional CT image. This is because the cardiac motion effects retained by the bandpass filtering operation of the SSOC process were a small fraction of the actual broadband frequency spectrum of the heart's motion. Thus, the base image interpolation process has not been very effective as this is indicated by the artifacts shown as white stripes across the corrected image, which is a similar case in terms of performance with the image in Fig. 15 for human patient 1. Figure 19 shows the corrected image for human patient 2 using the retrospective RG-SSOC gating method on the same set of data of output wave form indicating low motion without an increase in the heart's amplitude of motion since there was not a lack of oxygen. The quality of motion correction with the RG-SSOC method was consistent at various projection points of the SSOC time series. In this case, the motion correction results of the RG-SSOC method are superior to the CSS method shown in Fig. 18 .
Thus, the conclusions drawn from this data set are as follows.
͑1͒ When the SSOC time series have very small amplitude for organ motion effects then there is no need to apply motion correction as defined by the CSS process, since the conventional CT images do not suffer from cardiac motion artifacts. ͑2͒ The breath-holding restriction should be optional when used with the SSOC and the RG-SSOC processes to correct for motion artifacts.
The validity of both of these observations is examined next with a CT data set from human patient 3.
Human patient 3: 72 bpm cardiac motion
The data acquisition arrangements for the CT data sets of human patient 3 were identical to those of human patients 1 and 2 except for the CT period of rotation, which was set to 1.0 s. This change in the CT rotation period was made because the pulse rate of patient 3 was approximately 72 beats per minute. During the CT data acquisition process the patient was asked to breath freely.
The motion time series extracted by the SSOC scheme are shown in the upper curve of Fig. 20 . The same time series after smoothing ͑bandpass filtering͒ is shown in the second curve from the top. The properties of the heart motion of the patient are immediately obvious in these curves. In fact it is possible to compute the actual period of the motion from the motion curves, which is approximately 0.833 s ͑72 bpm͒. Moreover, the SSOC time series reveal that the amplitude of the patient's heart movement is constant during the CT data acquisition process and superimposed on a very low frequency motion, most likely due to breathing effects. This is an indication that when the patient is not restricted to follow breath-holding procedures then there is no lack of oxygen and the amplitude of the heart's motion remains approximately constant, as shown by the tracking properties of the SSOC process.
The time varying correlation function for one selected phase of interest is shown in the third curve from the top of Fig. 20 . The vertical bars in this curve indicate the local maxima of the time varying function. The vertical bars in the bottom curve show the projections that are selected as the center of segments for coherent sinogram synthesis. The base image interpolation scheme was used to coherently synthesize a sinogram for the selected phase of the heart movement.
The image in Fig. 21 shows the conventional x-ray CT image for subject 3. The tomography image of the heart is at the center. The lung structure characteristics are also shown at both sides of the heart image with a tumor at the top left side of the heart, just below the ribs in the upper center of the image. There are two kinds of motion artifacts in this conventional CT image. First, artifacts that are due to breathing effects, which are evident at the area near the sternum, in the center of the chest. Second, the cardiac motion artifacts, which are indicated by the white distorted dot near the top right area of the heart, which suggests coronary calcification.
The image in Fig. 22 corresponds to the synthesized sinogram output of the SSOC and CSS processes. In this case, motion artifacts due to breathing effects have been removed as indicated by the clarity of the image near the area of the sternum. This was achieved by the CSS process that provided selection of sinogram segments representing the same phases of the heart and respiratory motion cycles, as shown by the time series of Fig. 21 . Since the period of the respiratory motion is long ͑2-3 s͒ compared to that of the heart's periodic motion ͑0.5-1 s͒, then another way to remove the respiratory motion effects is to apply a bandpass filter on the SSOC time series of Fig. 22 .
Another kind of improvement of diagnostic importance, in this case, is the better and brighter definition, compared to the conventional CT image, of the white dot indicating coronary calcification near the right atrium. Thus, the overall quality of the image in Fig. 22 is significantly better than the conventional CT image. This is because the cardiac motion artifacts in this case were strong and the base image interpolation process was effective, compared to the previous cases of patients 1 and 2, to correct for artifacts when they exist. Figure 23 shows the corrected image for human patient 3 using the RG-SSOC gating method on the same set of data of Fig. 20 . The starting point of the retrospective RG-SSOC gating was at projection point 1454 with the SSOC output wave form indicating very low motion amplitude. The quality of motion correction with the RG-SSOC method was consistent at various projection points indicating low motion by the output of the SSOC. A comparison between the corrected images of Figs. 22 and 23 regarding the performance characteristics of the CSS and RG-SSOC methods suggests that both methods have been equally effective in this case to remove motion artifacts.
To strengthen the consistency and predictability in performance of the retrospective RG-SSOC gating method, projection point 11570 from the SSOC output wave form ͑Fig. 20͒ was chosen that indicates large amplitude motion effects. In this case, deterioration in the quality of motion correction indicated the predictability of the RG-SSOC method to select good or bad projection points associated with small or large motion amplitude of the output of the SSOC.
V. CONCLUSION
The paper discusses a novel approach to tracking and removing organ motion artifacts in CT systems. The method first uses the SSOC process to sample information associated with the organ motion present during the conventional CT data acquisition process. A software implementation of the SOC, a retrospective gating ͑RG-SSOC͒ or a coherent sino-gram synthesis ͑CSS͒ process that both are based on the output of the SSOC method, are then used to correct for motion artifacts by selecting sinogram segments representing the same phase of the motion cycles. Real experiments with moving phantoms, clinical tests with human patients, and an operational CT scanner demonstrate the efficiency of the SSOC process for tracking the motion effects localized in the tomography area of the CT slice. However, only the retrospective RG-SSOC gating method has been consistently successful to correct for cardiac organ motion artifacts. In fact, the clinical test results of this investigation with human patients indicate that the performance of the retrospective RG- FIG. 20 . Time series ͑wave forms͒ tracking the heart motion of human patient 3 from software spatial overlap correlator for motion period of 0.75 s. The patient was asked to follow a breath free procedure during the CT acquisition process.
SSOC gating method is more predictable than the established retrospective ECG gating method. This difference is due to the fact that the SSOC process tracks the motion effects localized in the tomography area of the CT slice, something that an ECG system is not designed to track.
Although the acquisition process of this investigation included continuous projection data during 21 rotations, the clinical implementation of the new retrospective RG-SSOC gating scheme would require continuous projection data from 1.5 to 2 rotations only. This would allow the SOC output to track and differentiate the small motion amplitude phase from the large cardiac motion amplitude corresponding to the QRS cycle of an ECG wave form, shown in Fig. 9 . Furthermore, when the sinogram's projection point is identified by the SSOC process with phase corresponding to the smallest motion amplitude then a segment sinogram is synthesized with 180°plus the fan angle temporal length for image reconstruction.
Thus, the output of the SSOC process forms the basis of a retrospective RG-SSOC gating process, with minimum exposure time ͑1.5-2 rotations per slice͒, which suggests that the new gating method will be effective for three-dimensional ͑3D͒ motion correction for multislice CT scanners. Furthermore, the fact that the retrospective RG-SSOC gating process can perform well in cases when the patient breathed freely, suggests the kind of improvements that can be made for the 3D CT acquisition process. This is because the clinical results ͑outputs of the SSOC process, Figs. 10, 16, and 20͒ of this investigation suggest that it is better to ask the patient to breath freely during the CT acquisition process, in order to avoid the heart's large motion-amplitude effects resulting from lack of oxygen that become dominant during the last 10 s of the 3D CT acquisition process.
Finally, these clinical results with human patients have reinforced the results of previous investigations [3] [4] [5] [6] that processing schemes correcting for cardiac motion artifacts work best when they account for the diastole phase, when the heart is moving the least.
Thus, the main difference between the retrospective RG-SSOC gating method and the CSS method of this investigation is based on the fact that the CSS method fails to exploit the properties of the heart's diastole phase. However, the CSS method could provide superior results for cases where there is continuous motion, which is reproducible; and this defines the basic difference between the CSS and the RG-SSOC motion correction techniques introduced in this paper.
Furthermore, to minimize CT radiation exposure associated with the CSS process, an internal triggering process is suggested for CT medical imaging applications. 8 However, since this CT internal triggering is based on estimates of the actual tracking of the organ motion provided by the SSOC process, the new triggering approach should have the advantage that the whole triggering process may be averted if the organ motion is very weak. In other words, the SSOC process has the capability to assess whether the amplitude of the organ motion is very small or large. Thus, if the organ motion amplitude provided by the SSOC process is small, then a CT image will not suffer from motion artifacts. Therefore there is no need to use any motion correction process. Preliminary assessment of the retrospective RG-SSOC gating processes with real results from human patients suggests that the approach of this investigation yields images with fewer artifacts than uncorrected images. However, much more work with clinical trials will be required to conclude that the proposed methodology can be used to screen aging population for cardiac diseases with emphasis on detecting coronary calcification.
Furthermore, since spiral imaging or continuous volume imaging is by far the dominant application of CT imaging the SSOC concept requires further R&D efforts to be extended to spiral CT imaging applications. Finally, the results of our investigation suggest that an optimum solution to the overall motion correction problem is the adaptive processing scheme 1 that removes, as an adaptive noise cancellation process, the spectral characteristics of the motion from the sinograms.
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